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In Pseudomonas aeruginosa, azithromycin has been shown to reduce virulence factor production, to retard
biofilm formation, and to exhibit bactericidal effects on stationary-phase cells. In this study we analyzed
whether these azithromycin-mediated effects require interaction with the ribosome. We blocked the access of
azithromycin to the ribosome in P. aeruginosa PAO1 by expressing the 23S rRNA methylase ErmBP from
Clostridium perfringens. Ribosome protection prevented the azithromycin-mediated reduction of elastase and
rhamnolipid production, as well as the inhibition of swarming motility. Ribosome protection also prevented the
killing of stationary-phase cells, suggesting that the cell-killing effect of azithromycin does not result solely
from membrane destabilization. We further show that rhamnolipids are involved in cell killing, probably by
increasing the uptake of the hydrophobic azithromycin molecule. These results have important implications for
the treatment with azithromycin of patients chronically colonized by P. aeruginosa and might explain the

variability in the efficacy of azithromycin treatments.

Pseudomonas aeruginosa frequently colonizes the lungs of
patients with cystic fibrosis (CF) or diffuse panbronchiolitis
(DPB). Once colonization is established, eradication is unsuc-
cessful, despite repeated antimicrobial therapies. Hence,
alternative strategies to classical antimicrobial therapies are
needed. The 14- and 15-C macrolides (erythromycin, azithro-
mycin [AZM], and clarithromycin) are not bactericidal against
P. aeruginosa but have been found to inhibit virulence factor
production in vitro (17, 30), as well as in a murine model (36),
and to interfere with biofilm formation (8, 11). Furthermore,
macrolides and, in particular, AZM were shown to have im-
munomodulatory activities on host cells, resulting in a de-
creased inflammatory response to bacterial stimulations (25).
Several clinical studies have now demonstrated the improve-
ment of lung function in CF or DPB patients treated with
AZM (5, 24, 35). However, none of those studies has precisely
addressed whether this beneficial effect is due primarily to an
anti-Pseudomonas effect or an immunomodulatory activity, or
both.

While several studies have shown the effect of AZM on
quorum sensing (QS)-dependent virulence factor production
(30, 31), biofilm formation (8, 11), and cell killing in stationary
phase (12), it remains uncertain how these anti-Pseudomonas
activities are mediated. Although macrolides inhibit protein
synthesis by interfering with the exit of peptides from the
ribosomal channel, a recent microarray analysis showed that at
subinhibitory concentrations AZM is able to both activate and
repress different subsets of genes (20). It is therefore possible
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that macrolides might have so far uncharacterized nonriboso-
mal targets which could explain their effect on transcription.
We therefore used ribosomal protection to analyze the effect
of AZM on QS-dependent virulence factor production and cell
killing. Our results show that both effects require the interac-
tion of AZM with the ribosome. We further found that sta-
tionary-phase killing of AZM is enhanced by the production of
rhamnolipids, which probably facilitate the uptake of macro-
lides.

MATERIALS AND METHODS

Strains and plasmids. The strains and plasmids used in this study are listed in
Table 1. All strains were derived from antibiotic-susceptible wild-type strain PT5.
Unless otherwise stated, the strains were grown in Luria-Bertani (LB) medium at
37°C with agitation (250 rpm).

Plasmid pMLS001, which contains the ermBP gene from Clostridium perfrin-
gens and which codes for a 23S rRNA methylase, was kindly provided by Keith
Poole (Kingston, Ontario, Canada). The ermBP gene was amplified on a 737-bp
fragment with primers ermBP-F (5'-GGATCCGGATCCAGAAGGAGTGATT
ACAGAAC-3") and ermBP-R (5'-AAGCTTAAGCTTTAGAATTATTTCCTC
CCGTTA-3') (15) under the following PCR conditions: denaturation at 95°C for
1 min, followed by 25 cycles of 95°C for 30 s, 47°C for 30 s, and 72°C for 1 min,
with a final extension at 72°C for 5 min. The PCR product was digested with
BamHI and HindIII and cloned into BamHI- and HindIII-restricted pEX1.8,
yielding plasmid pEXERM. The rhlAB genes of P. aeruginosa were cloned into
HindIII-Sphl-restricted plasmid pAK1900, after the digestion of plasmid pJPP6
with HindIIT and Sphl, to yield plasmid pAKRHL. The plasmids were trans-
ferred into P. aeruginosa by electroporation.

Phenotypic assays. The elastase activity in the supernatants of cultures grown
for 7 h in Pseudomonas broth medium (6) was determined by the elastin Congo
red (ECR) assay (32). Briefly, 50 pl of supernatant was added to 0.95 ml of 0.1
M Tris (pH 7.4)-1 mM CaCl, with an excess of ECR (reaction volume, 4 mg/ml).
After 18 h of incubation at 37°C, the samples were centrifuged and the degra-
dation of ECR was measured by determination of the absorbance at 495 nm in
the supernatant. Elastase activity is expressed as the ratio of the optical density
at 495 nm (OD,95)/ODg of the culture.

The production of rhamnolipid was assayed on SW plates (27). SW is based on
M9 minimal medium, in which NH,Cl is replaced by 0.1% glutamate and which
is supplemented with 0.2% glucose and MgSO, (final concentration, 1 mM). The
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TABLE 1. Bacterial strains and plasmids

Reference or

Strain or plasmid Genotype source
Strains
PT5 (PAO1)  Wild type Laboratory
collection
PT1300 PT5(pEX1.8) Cb* This study, 22
PT1308 PTS(pEXERM) Cb* This study
11B PAO1 mexY::Tn501 Hg" 23
12B PAO1 mexZ::bla Cb* P. Plésiat
PT712 PT5 rhl4::Gm Gm’ 19
PT1323 PT712(pAKRHL) Cb" This study
PT1332 PT712(pAK1900) Cb" 14
Plasmids
pMLS001 pMMB206 carrying ermBP, Cm" 15, K. Poole
Ery"
pEX1.8 Cloning vector, Cb" 22
pAK1900 Cloning vector, Cb" 14
pEXERM pEXI1.8 carrying ermBP from 15
pMLS001, Cb"
pAKRHL pAK1900 carrying rhlABRI from 4, 14
pJPP6, Cb"

inhibition of rhamnolipid production was estimated on SW plates containing an
AZM concentration gradient from 0 to 50 pg/ml. Three-microliter droplets
containing ca. 10° CFU were placed at equal distances from each other on the
dried plates, which were incubated for 24 h at 37°C and then for 24 h at 25°C.

Swarming motility was tested on 0.5% agar plates, which is based on M9
medium supplemented with 0.2% glucose and 1 mM MgSO, and in which 0.05%
glutamate instead of ammonium chloride is used as the nitrogen source. Three
microliters of an overnight LB culture was deposited on the plates, which were
incubated for 18 h at 37°C.

Killing assays. The strains were grown overnight in 2 ml LB medium supple-
mented, when required, with carbenicillin (100 pg/ml) or gentamicin (15 wg/ml).
On the next morning, the strains were inoculated to an ODy, of 0.05 into 25 ml
LB medium without antibiotics and then incubated at 37°C. Killing assays were
performed with stationary-phase cultures (ODgqg, 3.0 to 3.5) grown in LB me-
dium. At comparable cell densities, AZM was added to 2-ml aliquots at the
concentrations indicated in the text. Incubation was continued for 20 to 22 h at
37°C, and the viable counts were determined by plating serial dilutions on LB
agar plates.

RESULTS AND DISCUSSION

AZM, like other macrolides, inhibits protein synthesis by
blocking the peptide exit channel of the 50S ribosomal subunit
through interaction with the 23S rRNA. We tested whether the
observed effects of AZM on virulence factor production re-
quire interaction with the ribosome. To address this question,
we introduced plasmid pEXERM into our P. aeruginosa wild-
type strain, strain PT5. Plasmid pEXERM expresses the 23S
rRNA methylase ErmBP from Clostridium perfringens (15).
This enzyme methylates the adenine moiety of ribonucleotide
2048 (Escherichia coli numbering) in the 23S rRNA, thereby
blocking the access of macrolide antibiotics to the peptide
exit channel. The presence of plasmid pEXERM (in strain
PT1308) conferred resistance to erythromycin (data not
shown) and AZM, permitting growth at concentrations above
1,000 pwg/ml (Fig. 1A). As expected, the susceptibility of PT5 to
nonmacrolide antimicrobials (ciprofloxacin, aztreonam, ami-
kacin) was not affected by the plasmid (data not shown).

Effect of ribosomal protection on AZM modulation of viru-
lence factor production. AZM at 2 pg/ml was previously shown
to reduce the production of QS-dependent virulence factors,
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including elastase and rhamnolipids, due to the reduced ex-
pression of the autoinducer synthetase genes lasI and rhll (30,
31). We analyzed rhamnolipid production on SW plates in the
presence of an AZM gradient (maximal concentration, 50 g/
ml). While AZM inhibited rhamnolipid production in strain
PT1300 at one-third of the gradient plate, strain PT1308 car-
rying the methylase gene produced rhamnolipids even at AZM
concentrations of 50 pg/ml (Fig. 1B). Therefore, AZM has to
interact with the ribosome in order to decrease rhamnolipid
production. Expression of the MexXY efflux pump is induced
by antimicrobials that interfere with the ribosome (chloram-
phenicol, tetracycline, macrolides) (15). We tested whether the
reduction of rhamnolipid production by AZM was affected by
the expression level of this efflux pump. As shown in Fig. 1B,
rhamnolipid production was inhibited at lower AZM concen-
trations in AZM-hypersusceptible mexX deletion mutant 11B
than in strain 12B, which overexpresses mexXY due to inacti-
vation of the repressor gene mexZ. This observation is of rel-
evance for AZM-treated CF patients, since P. aeruginosa iso-
lates overexpressing the MexXY efflux pump have been
reported recently (13, 29, 33). Furthermore, the mexZ gene
was one of the major mutational targets in isolates from 29 CF
patients (28). Such mutants are expected to require higher
AZM concentrations to achieve a reduction of QS-dependent
gene expression. This observation could explain the weak effect
of AZM in vitro on isolates from chronically infected CF pa-
tients (34).

We further tested the effect of ribosome protection on elas-
tase production. While the elastase activity in the supernatants
of vector-carrying strain PT1300 showed a dose-dependent
decrease in the presence of AZM, the elastase activity in the
supernatants of the methylase-carrying strain (PT1308) was
not significantly affected by AZM (Fig. 2A).

Similar results were obtained for the swarming of P. aerugi-
nosa. Vector-carrying strain PT1300 was inhibited by 2 wg/ml
AZM, while methylase-carrying strain PT1308 was able to
swarm at this AZM concentration (Fig. 2B). Swarming inhibi-
tion very likely results from the decreased production of rham-
nolipids, which are required as a surfactant for this type of
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FIG. 1. Strain susceptibilities to AZM. (A) The strains listed in
Table 1 were streaked onto an LB agar plate containing an AZM
gradient with a maximal concentration of 1 mg/ml. The plates were
incubated at 37°C for 18 h. Note the hypersusceptibility of mexX
mutant 11B and the resistance of methylase-carrying strain PT1308.
(B) The effect of AZM on rhamnolipid production, visible as halos
around the colonies, was compared on SW blue plates containing an
AZM gradient with a maximal concentration of 50 pg/ml.
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FIG. 2. Determination of elastase activity and swarming motility. (A) Strains were grown for 7 h in Pseudomonas broth medium, and the
elastase activity in the culture supernatants was determined by the ECR assay. The results are expressed as the OD ,45/ODyy of culture after 7 h
growth. The results represent the means =+ standard deviations of five independent experiments. (B) Swarming was assessed on M9-based medium,
as described in Materials and Methods. The plates were incubated for 18 h at 37°C.

motility (19). Since swarming was recently shown to be in-
volved in biofilm formation (26), the retardation of biofilm
formation by AZM (9) might thus result from the inhibition of
swarming motility.

AZM Kkilling requires interaction with the ribosome. Re-
cently, Imamura et al. (12) showed that AZM displays bacte-
ricidal effects against PAO1 in stationary phase but not in
exponential growth phase. The authors suggested that AZM
displaces Mg>" ions from the phospholipid moiety of lipopoly-
saccharide, thereby destabilizing the outer membrane. How-
ever, it was not clear whether the observed bactericidal effect
resulted solely from cell lysis. We therefore tested the effect of
ribosome protection on the killing effect of AZM on station-
ary-phase cells. PT1300 and PT1308 were grown to stationary
phase (ODg, 3.5 to 4) (Fig. 3A) and then exposed to various
AZM concentrations. While vector-carrying strain PT1300
showed dose-dependent killing in the presence of AZM, the
viability of methylase-expressing strain PT1308 was not signif-
icantly affected by AZM (Fig. 3B). Since both strains were
cultured to stationary phase in the absence of AZM, the ob-
served difference does not result from AZM-induced effects
during prior growth. As shown by Imamura et al. (12), addition
of 1 mM Mg>" in combination with AZM prevented the killing
of Pseudomonas cells (Fig. 3B). These observations suggest
that AZM might first destabilize the outer membrane by dis-
placing Mg®" ions and thereby promote its own uptake, as

reported previously for Escherichia coli (7) and for aminogly-
cosides in P. aeruginosa (10), thus increasing intracellular
AZM concentrations. While Imamura et al. (12) concluded in
their study that AZM has a bactericidal effect due to mem-
brane disruption, our experiments suggest a two-step process
in which AZM first permeabilizes the outer membrane and
then causes cell death by inhibiting protein synthesis and/or
ribosome assembly (3).

Cell killing by AZM is enhanced by rhamnolipids. During
the killing experiments we noticed that an rhl4 mutant (strain
PT712) deficient in rhamnolipid production was almost 1,000-
fold less susceptible to the AZM-mediated killing than its
parent strain, strain PT5 (Fig. 4A). To confirm these data, we
repeated the killing experiments with the rh/4 mutant carrying
either the vector alone (strain PT1332) or complemented with
plasmid pAKRHL (strain PT1323) expressing the rhamnosyl-
transferase genes rhlAB. The presence of plasmid pAKRHL
restored rhamnolipid production in the rhl4 mutant (Fig. 1B),
without affecting susceptibility to AZM (Fig. 1A; compare the
results for strains PT1323 and PT1332 with those for strain
PT712). Interestingly, when ril4 mutant PT712 was comple-
mented with rhl4B-expressing plasmid pAKRHL, susceptibil-
ity to AZM-mediated killing was restored, resulting in a reduc-
tion in the viable counts of 4 to 5 orders of magnitude (see the
results for strain PT1323 in Fig. 4C). In comparison, the rhiA
mutant harboring control vector pAK1900 showed a reduction
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FIG. 3. Effect of ribosome protection on AZM-mediated killing of
stationary-phase cells. (A) Representative growth curves of strain PT5
harboring vector pEX1.8 (strain PT1300) or the ermBP-carrying plas-
mid pEXERM (strain PT1308) in LB medium. The double-headed
arrow indicates the ODy, range for addition of AZM. (B) After
addition of AZM or AZM plus MgSO, at the indicated concentrations,
the cultures were incubated at 37°C for 22 h. Viable counts were
determined by serial dilutions and plating on LB agar plates. The
results are expressed as the means * standard deviations from three
independent experiments.

in viable counts of only 1 to 2 orders of magnitude (see the
results for strain PT1332 in Fig. 4C). Strain PT1323 showed
reduced growth compared to that of the control, PT1332,
which could result from (premature) overexpression of the
plasmid-encoded rhlAB genes (Fig. 4B). This, however, did not
affect the viabilities of the strains in the absence of AZM since
both strains reached comparable numbers of CFU/ml after the
20-h incubation period (data not shown).

How can rhamnolipids promote AZM-mediated killing?
Rhamnolipids have initially been identified as amphiphilic
agents able to permit the growth of Pseudomonas isolates on
aliphatic hydrocarbons, like hexadecane, which are not effi-
ciently taken up by the cell (18, 21). Due to their detergent-like
structure, rhamnolipids increase the uptake of these hydropho-
bic molecules by micelle formation. This fact was recently
illustrated by the increased activity of the hydrophobic signal-
ing molecule PQS in the presence of externally added rham-
nolipids (2). Furthermore, rhamnolipids were shown to in-
crease cell surface hydrophobicity by promoting the release of
hydrophilic lipopolysaccharide from the outer membrane (1).
It is therefore tempting to speculate that rhamnolipids pro-
mote the uptake of AZM. Since rhamnolipids are under the
control of the QS system and are not expressed until late
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FIG. 4. AZM-mediated killing of stationary-phase cells is en-
hanced by rhamnolipids. (A) Strains were grown to stationary phase in
LB medium, as described in the legend to Fig. 3, and exposed to AZM
at the indicated concentrations for 22 h. Viable counts were deter-
mined by serial dilutions and plating on LB agar plates. (B) Growth
curves in LB medium of an /4 mutant harboring the vector pAK1900
(strain PT1332) or rhlAB-encoding plasmid pAKRHL (strain PT1323).
(C) The killing by AZM was assessed after 22 h incubation by deter-
mination of viable counts, as described above for panel A. The results
are expressed as the means = standard deviations of three indepen-
dent experiments.

exponential phase, their effect is seen only under the condi-
tions of the killing assay when AZM is added to stationary-
phase cells. AZM susceptibility is not affected by rhamnolipids
when cells grow exponentially, as in conventional MIC deter-
minations or on the AZM gradient plates (Fig. 1A). Further-
more, rhamnolipids did not cause AZM-mediated cell killing
during exponential phase when they were produced from
rhlAB-encoding plasmid pAKRHL (data not shown). This sug-
gests that changes in the outer membrane composition or the
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depletion of divalent cations that might occur in stationary
phase are required for the permeability enhancement of AZM
by rhamnolipids. Thus, our data provide an explanation of why
in vitro AZM-mediated killing is observed only for cells in
stationary phase and not cells in exponential growth phase
(12). However, the relevance of AZM-mediated cell killing in
the clinical situation remains to be established, since the
growth conditions and the metabolic state of the bacteria in the
patient largely remain unknown.

In contrast, the AZM-mediated reduction of rhamnolipid
production might be clinically relevant, as rhamnolipids were
recently shown to promote the invasion of a reconstituted
epithelium (38) and to kill polymorphonuclear leukocytes (16).
The reduction of rhamnolipid production during AZM treat-
ment might thereby inhibit one of the early steps in the pro-
gression from colonization toward infection, an effect that
might be useful for preventive strategies.

Conclusions. In this study, we show that the effect of AZM
as a virulence attenuator can be moderately affected by the
level of expression of the MexXY efflux pump and is seriously
compromised by ribosome protection. Indeed, QS-dependent
virulence factor production and swarming motility, as well as
stationary-phase killing, were insensitive to the presence of
AZM when the 23S rRNA of the 50S ribosome was protected
by methylation. Ribosome protection in P. aeruginosa has been
described so far only for the 16S rRNA, due to the plasmid-
encoded rmtA gene that confers resistance to aminoglycosides
(37). Interestingly, analysis against the PAO1 genome (www
.pseudomonasv2.com) with the BLAST program revealed an
open reading frame (in strain PA4067) that displayed 47%
amino acid identity to ErmBP (data not shown). Whether the
gene for this protein is involved in 23S rRNA methylation and
could thus lead to clinically relevant resistance to the antiviru-
lence effects of macrolides remains to be determined. We
further show that AZM-mediated cell killing in stationary
phase is enhanced by rhamnolipids, which could increase the
uptake of this hydrophobic macrolide by P. aeruginosa. These
observations might be of importance for CF patients receiving
AZM and could explain the variabilities in treatment efficacies.
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